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(54) Method for reducing angular blur in radar pictures

(57)  The invention refers to a method for reducing angular blur in radar pictures achieved in range bin based de-
tection systems. A variable S(x,y) such as amplitude, power or the like is measured as a function of an angle x and a
distance y. According to the invention an expression of the type:

corrected angular position = angular position + angle correction

is determined in each range bin for a plurality of angular values x, the term "angle correction" comprising derivative(s)
of first or higher order of the variable S(x). The variable measured at the angular position "angular position" is the
moved to the variable in the angular position "corrected angular position" and the moved variable and the variable in
"corrected angular position" are processed by adding, maximizing or the like.
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Description

[0001] The present invention refers to a method for reducing angular blur in radar pictures.

[0002] A radar works by radiating electromagnetic waves from an antenna, and detecting the reflected waves (the
echoes) from objects close to the radar. Very often, the radar can distinguish echoes from objects at different distances
and thus has a range resolution. Often, the range measurement is discrete, in the sense that the measured range
values are not continuously variable, but rather take one of a predetermined set of values, very often equidistant. The
following discussion is limited to such radars, with a discrete-valued range measurement (range bins).

[0003] Tosurveyalarge area, many search radars have a scanning antenna, very often rotating to cover all directions,
or going back and forth to cover a sector, say in azimuth. In this case, the radar receives in each angular position
echoes from all studied range bins (in some range bins, there may be no echo). If the radar is pulsed, the detection is
made only in discrete angular positions, one for each pulse.

[0004] In this case, the received amplitude (or power) of the radar echoes can be illustrated as a radar picture with
a finite set of radar picture elements (pixels). In most cases, the radar picture of a cartesian sector is presented as a
rectangle in polar coordinates, with a finite number of angular positions along the horizontal axis and a finite number
of range bins along the vertical axis (this is called a "B scope" presentation). For convenience, very often the logarithm
of the amplitudes (powers) are presented (deciBel scale, dB).

[0005] The following discussion is limited to radar with data presented as such rectangular B scope pictures with a
finite number of pixels. The angular coordinate is generally thought of as azimuth, radar antenna scanning about a
vertical axis, but elevation is also possible.

[0006] The radar sensitivity is greatest in a direction determined by the antenna. In most cases, this direction is in
front of the antenna. Since the physical antenna width is a limited number of wavelengths corresponding to the fre-
quency used, the antenna main beam, where the sensitivity is greatest, is not infinitely narrow, but has a certain angular
width. The radar receives an echo from an object not only when the antenna is pointed directly towards the object, but
also when the antenna is pointed slightly to the right of the object, when the object is illuminated by the left part of the
antenna main beam, and when the antenna is pointed slightly to the left of the object, when the object is illuminated
by the right part of the antenna main beam. A small (point-shaped) radar reflector thus gives echoes during the whole
angular extent of the radar main beam.

[0007] Since there are - for redundancy, for Doppler analysis, or for other reasons - generally several angular positions
used (several pulses transmitted) per radar antenna main beam width, the effect is to make radar pictures blurred in
the angular coordinate. This blur makes analysis of the radar picture more difficult. It becomes non-trivial to determine
the angle to a radar target, even if the target is point-shaped, and comparison between the radar picture and a picture
of the same area by another sensor with different characteristics (maybe another radar) becomes difficult.

[0008] A number of methods exist for reducing angular blur and some major lines will be discussed below.

[0009] According to a first major line the methods are based upon deconvolution. Since the blur can be considered
the result of convoluting a blur-free picture with the antenna beam, it can be eliminated in theory by making a Fourier
transformation of the picture, in the angular direction, dividing with the Fourier transform of the antenna diagram, and
then performing an inverse Fourier transformation. The rationale is that Fourier transformation converts convolution
to multiplication.

[0010] According to a second major line methods within general radar are discussed. Frequently, data such as those
in Fig. 1 showing a measured radar picture of a cartesian sector in dB scale with angular positions along the horizontal
axis and range bins along the vertical axis are passed through a "target extractor" which often works by defining a
"target" as a local maximum with amplitude exceeding a suitably defined threshold. Then, in a given range bin, the
angular position of the target is defined as the position where the maximum is attained. A more exact angular position
can be computed by fitting a suitable curve, such as a parabola with angle position as the independent variable, to the
data near the local maximum, and compute the angular position of the maximum of the parabola fitted. In particular, it
is not difficult to fit a parabola to the three points closest to the local maximum, with the highest amplitudes, in particular
if the angular positions are equidistant. To fit a parabola to more than three points, a least squares computation can
be used.

[0011] This procedure generally works well for tracking of a limited number of targets, but is not always practicable
for de-blurring a whole picture, for presentation or for other purposes.

[0012] According to a third major line a moving radar is used. For airborne radars, advanced methods as Synthetic
Aperture Radar (SAR, [LHMN Ch. 15]), in its simplest form "Doppler Beam Sharpening" [LHMN p. 260], use a moving
radar with a radar radial velocity (Doppler) measurement, and advanced signal processing, to get a very sharp "picture”
of the surveyed part of the ground (not always described as a rectangle in polar coordinates). In this specification
LHMN is used as a short reference to Lacomme/Hardange/Marchais/Normant, Air and Spaceborne Radar Systems.
An Introduction, ISBN 1-891121-13-8, SciTech Publishing 2001.

[0013] According to a fourth major line methods for reduction of angular blur presuppose a particular type of radar
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antenna, as a monopulse antenna or an array antenna.

[0014] Tracking radars are radars which can measure how much the radar antenna direction (the boresight) differs
from a desired direction (the difference is generally called the error angle). Tracking radars are used for aiming guns,
guiding missiles, keeping an antenna tracked on a communications satellite, etc.. Generally a tracking radar uses a
monopulse antenna [Sherman]. In this specification Sherman is used as a short reference for Sherman, Monopulse
Principles and Techniques, ISBN 0-89006-137-8, Artech House 1984. A monopulse antenna can use at least two
antenna patterns, a sum pattern with its maximum directivity in the antenna direction, and a difference pattern which
is sensitive for targets slightly off the antenna direction. There is one difference pattern for every angular variable used
(azimuth, elevation). Fig. 3 shows typical sum and antenna patterns ([Sherman p. 138]). In Fig. 3 the quantities (field
strengths) have both positive and negative signs. Fig. 4 shows the absolute value of the difference pattern, compared
to the sum pattern.

[0015] Some radars - often airborne multi-function radars - use a monopulse tracking antenna when surveying and
searching. Then, the difference channel can be used in various ways to reduce the picture blur due to the main (sum)
antenna beamwidth. Two kinds of established methods are indicated below. Both may be covered by the name
"Monopulse Beam Sharpening".

1) Let S and D indicate the sum and difference channel respectively. Then S - k-abs(D), with a suitable small
positive constant k, is a pattern which is = S in the antenna direction (boresight), where D=0, but which is smaller
than S off boresight, and thus narrower than S. Such a pattern can be used to reduce the angular blur in radar
pictures. To avoid negative amplitude (power) values, a combination max(0, S - k-abs(D)) may be used.

2) A much better and more sophisticated method is to compute the monopulse error angle in every point in the
picture and determine a corrected angular position as "angular position + error angle". The power detected in a
range bin in a certain angular position is not stored in the original angular position, but rather in the corrected
angular position [LHMN pp. 205-206]:

corrected angular position = angular position + error angle

[0016] This gives a very effective "beam sharpening" for display or for other purposes.

[0017] Generally, in the picture to be de-blurred, there are only a limited number of allowed angular positions (called
"sub-beams" in [LHMN, p. 206]), and then the right hand side of the formula will have to be rounded to the nearest
allowed position. The "storage" may be performed by addition to already stored values (especially when adding powers),
or by using an operation of type max(new_value,already_stored_values). An alternative, which in some cases gives
more exact results, is to distribute the magnitude (power) on the two nearest allowed angular positions, maybe by
linear interpolation.

[0018] If the radar uses an array antenna with several independent transmitting or receiving elements special meth-
ods are also available.

[0019] The object of the invention is to obtain a general method for efficiently reducing angular blur and which is
usable also for large amounts of data. The object is achieved by a method as claimed in claim 1. Further advantages
are obtained by features as stated in the independent claims. The method in the invention does not use deconvolution
and presupposes neither Doppler measurements nor a particular type of antenna.

[0020] The invention will be described in more detail below with reference to the accompanying drawings in which:

Fig. 1 shows a measured radar picture of a cartesian sector in dB scale.

Fig. 2 shows a horizontal cut through Fig. 1 for range bin #69 in dB scale.

Fig. 3 shows a typical monopulse sum pattern (symmetric) and difference pattern.

Fig. 4 shows a monopulse sum pattern and absolute value of difference pattern.

Fig. 5 shows a radar picture according to Fig.1 after reduction of blur in accordance with our invented method.
Fig. 6 shows a horizontal cut according to Fig. 2 after blur reduction according to our invented method.

[0021] In the following, a procedure for reducing the angular blur of radar pictures, of the type defined above, will be
presented. In the discussion, the method will be supposed to be implemented by computations in a digital processor.
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[0022] InFig. 1, atypical measured radar picture of a cartesian sector is presented. The picture shows the magnitude
of the received radar (video) signal in 230 range bins (range values) for each of 140 angular positions. If the magnitude
is denoted by S, the data thus can be described as an array S(i,j), 1<=i<=140, 1<=j<=230. Dark spots mean large
magnitude. Both the range bins and the angular positions will here be considered equidistant.

[0023] It is obvious that Fig. 1 contains many distinct objects, but that the angular blur due to the radar (azimuth)
beamwidth is very prominent. There seem to be no point-shaped targets; instead, all targets are drawn out in the
angular direction. The radar used has an azimuth 3dB beamwidth of about 10 angular positions, which means that a
point target with a contrast to the background of 20 dB or more may appear to be about 20 angular positions wide.
[0024] Fig. 2 shows a horizontal cut (constant range) through Fig. 1, through the range bin #69, which contains a
very strong radar reflector (target). The data in Fig. 2 thus can be described as S(i,69), 1<=i<=140. The main beam
(the main lobe shape of the radar antenna directivity pattern) is clearly visible. Near a local maximum, the measured
amplitudes follow the beam pattern.

[0025] In Fig. 2, the size of the radar antenna azimuth main beam gives noticeable target returns in angle positions
at least between #20 and #40, although the target seems to be located roughly in angular position #28 or #29.
[0026] The shape in Fig. 2 is really the left-right mirror image of the antenna beam shape (to the left of the correct
position, the right part of the antenna beam illuminates the target, etc.). However, most real antenna beams are ap-
proximately symmetrical, and then the difference between left and right is hardly discernible.

[0027] In the following, reduction of the angular blur will be illustrated on the data in Figs. 1,2.

[0028] Before a closer presentation of our suggested method for reducing angular blur in radar pictures is given,
some differential equations discussions follows below as a background. Suppose that a measured variable S(x) like
thatin Fig. 2 has a local maximum at the angle x=x,. Near the maximum, the curve can be approximated by the antenna
beam pattern, also denoted by S(x), with a slight abuse of notation. S is generally a smooth function looking like a
parabola, symmetric about x=x, and with horizontal tangent at its maximum at x=xg.

[0029] The desired objective is to use the measured data to determine the nearest local maximum xy and concentrate
the blurred energy of the beam in this point. x, can be determined by some kind of local curve fitting by locally fitting
an expression for the beam shape function S to measured data, e.g. by least-square methods (as in the "target extractor"
mentioned above).

[0030] However, x, can also be determined by use of a differential equation, using one or more (partial) derivatives
(in the angular direction) of S(x), estimated from data. Since the first derivative gives the slope of S(x) and the second
derivative gives the curvature, this is geometrically reasonable. Such a procedure is in many cases advantageous,
and will now be demonstrated by some examples.

[0031] Ex. 1. A very simple approximation of the beamshape close to x=x, is a second-order polynomial:

S(x) = k(1 - c(x-x)%)

which gives a parabolic curve with a maximum = k at x=x,. The constant k gives the amplitude at the maximum, and
the constant ¢ determines the shape: a large positive ¢ gives a sharp, pointed beam. The approximation should only
be used for small values of (x-xg), giving positive values of S(x).

[0032] The (partial) derivative of S, as a function of the angular variable x, is given by

8'(x) = -2-k-c:(x-Xg)
[0033] The nuisance variable k is eliminated by taking the quotient between S' and S:
q(x) = S'(X) / S(X) = -2:c(x-xg) / (1 - ¢-(x-Xg)?)
which gives the differential equation
(1- c-(x-xo)z) - 8'(x) + 2-c+(x-xg) - S(x) =0

[0034] For x=xg, 2:c:(X-Xg) - S(x) = 0, but also S'(xy) = 0 (horizontal tangent).
[0035] If, for a certain angle x, S'(x) and S(x) can be computed or estimated from the radar data, q(x) is a known
value. The relation for q(x) gives a second-order equation for the unknown (xy-x):
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(Xg-X)° + 2/q:(xyX) -1/c = 0
with gq(x) simply written . Only one of the roots is of interest:
Xg-Xx=-1/q+ sqrt(1/q2 + 1/c) = g/c / (sqrt(1+g/c) +1)
(using the conjugate rule) and thus
X =X +gf/c/ (sqrt(1+g/c) +1)

which, for any value of the angle x near the maximum x=x,, gives an estimate of x;. The algorithm is (note that c is a
known parameter in the supposed beamshape):

[0036] In each range bin, for an angular value x, get S(x) from the measured data and estimate S'(x). Compute the
ratio g = S'(x) / S(x) and substitute this value in the right hand side of the last equation above. Then the right hand side
evaluated numerically gives an estimate of the angle X, closest to x, where the beam has a maximum.

[0037] The algorithm is reasonable. If S is a magnitude or power, S(x) is always positive. If q(x) and thus the slope
S'(x) is >0, then the nearest maximum x; should be >x. If q(x)<0, xq should be <x. Since the denominator sqrt(1+q/c)
+1 above always is >0, the algorithm is qualitatively as expected.

[0038] The algorithm is mainly of interest for small values of q(x) (near the maximum, S(x) is large and S'(x) is
numerically small).

[0039] With x = angular position and x, interpreted as "corrected angular position", the formula used is of the type

corrected angular position = angular position + angle correction

[0040] The formula also gives an expression for the "angle correction" ("error angle").
End of Example 1.

[0041] Depending on the assumptions on the beamshape S(x), the formulae can be slightly different. This will now
be illustrated.
[0042] Ex. 2. Another common beamshape approximation in the radar literature is

S(x) = k-cos*(d-(x-x,)) = k/2 - (1 + cos(2-d-(x-X,)))

[0043] In fact, the approximation used in [Sherman, p. 138] for the sum lobe of Fig. 3 is of this type. As in Ex. 1, the
constant k gives the amplitude of the maximum and the constant d determines the shape of the beam (narrow or wide
maximum).

[0044] The derivative S'(x) is then given by

8'(x) = -2-k-d- cos(d-(x-Xq))" sin(d-(x-xy))
[0045] Eliminating the nuisance variable k by taking the quotient q(x) = S'(x) / S(x) gives
q(x) = S'(x) / S(x) = -2-d-tan(d-(x-xy)) = 2-d-tan(d:(xy-x))

(giving the differential equation S'(x) + 2-d-tan(d-(x-xg))-S(x) = 0)
[0046] Solving for the unknown xy-x gives

d-(xq-x) = arctan (q(x) / 2/d)
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and finally

Xo =X + 1/d - arctan (q/(2-d))

which is the desired relation, a formula of the type

corrected angular position = angular position + angle correction

End of Example 2.

[0047] The common features of the examples are:
[0048] In each range bin, for every value of the angle x, the (partial) derivative S'(x) (and higher derivatives, S"(x)
etc.), in the angular direction, is determined (estimated) from data. A formula of the type

corrected angular position = angular position + angle correction

is used, where the expression "angle correction" is computed by a formula using S(x), S'(x), ... and known parameters
of the beam shape. Very often only quotients of the type S'(x) / S(x) appear in the formula.

[0049] These features are used in the method for reducing angular blur which will now be described.

[0050] The method suggested does not presuppose a monopulse antenna, only an ordinary (search) antenna pattern.
The measured amplitude (power) at angle x and range y is denoted by S(x,y). When the (fixed) value of the range is
irrelevant, we simply write S(x). It is supposed that the angle x and the range y only occur as discrete (noncontinuous)
values. To enhance that, we may write the measured data as S(i,j), ij<=i<=i,, j1<=j<=|,.

[0051] In every range bin, and for the angular position x, the formula of the preceding section is used:

corrected angular position = angular position + angle correction

where the "angle correction” is given by a formula involving first or higher derivatives (partial derivatives in the angular
direction) of S(x):

angle correction = function of S(x), S'(x), ... and known parameters of the beam shape

[0052] The formulae for "angle correction" can be slightly different depending on the approximation of the beam
pattern used. The method suggested comprises this whole class of formulae. In particular, the method comprises the
class of formulae using only ratios of the type S'(x)/S(x).

[0053] The method suggested can be realized in various ways. One advantageous realization uses the following
method:

[0054] In every range bin, the (partial) derivatives dS/dx, S"(x) etc. are computed approximately, generally using
finite differences in the angular direction. If the amplitude in the radar picture at angular position i and range bin j is
called S(i,j), this means for the first derivative dS/dx (really a partial derivative, along the angular "i" direction), in range
binj:

dS/dx (i) =

= (approximately) (S(i+1,j) - S(i-1,j)) / (angular pos. (i+1) - angular pos. (i-1))

[0055] Here, a symmetric difference is used, but other possibilities exist and can be used in different realizations of
the method. If the angular positions are approximately equidistant, the denominator is constant and the computations
can be simplified.

[0056] Symbolically, this realization means that dS/dx is estimated by differences as AS/Ax.

[0057] It is advantageous if the number of angular positions per beamwidth is not to small, as then some numerical
smoothing (averaging, low-pass filtering) of the difference quotients AS/Ax etc. is possible, to get a better numerical
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estimate.

[0058] Also, itis advantageous to avoid using the formula when the denominator S is too small. One possibility is to
use the correction formula only in the points where S is greater than a suitable threshold. Another possibility is to use
the formula in all picture points, but to replace the denominator S with S + t, where t is a suitable (small) positive
threshold.

[0059] Fig. 5 below shows Fig. 1 after a correction using one of the formulae covered by the method.

[0060] Itis obvious from Fig. 5 that the correction method suggested "sharpens the antenna beam" and concentrates
radar echoes around the correct angular positions.

[0061] Fig. 6 shows range gate #69 of Fig. 5. Compare to Fig. 2. In Fig. 6, most of the power in the broad beam of
Fig. 2 is lifted and added to the correct angular position of the target, angular positions 28-29.

[0062] Other characteristics of the method suggested:

[0063] The method does not presuppose that the radar is moving (no synthetic aperture is used).

[0064] The method does not use Doppler processing.

[0065] The method suggested works particularly well when the number of angular positions per beamwidth is large.
The method is less suitable for small (<<10) numbers of angular positions per beamwidth.

[0066] The method gives some improvement in angular resolution, interpreted in the sense of the possibility of re-
solving targets very close in angle and in the same range bin. It is not claimed that this improvement is great. The
improvement is rather limited and has its particular characteristics.

[0067] The method works very well when concentrating isolated (point) targets (Figs. 5,6).

[0068] The invention is not limited to the above given exemplifications but may be subjected to modifications within
the scope of the accompanying claims.

Claims

1. Method for reducing angular blur in radar pictures achieved in range bin based detection systems, a variable S(x,
y) such as amplitude, power or the like being measured as a function of an angle x and a distance y or when x
and y only assumes discrete values a variable S(i,j) with iy <i <i, and j; < <j,, the abbreviated way of writing S
(x) or S(i) being used when the distance is implicit or irrelevant, characterized in that in each range bin for a
plurality of angular values x an expression of the type:

corrected angular position = angular position + angle correction

is determined, and in which "angle correction" comprises (partial) derivative(s) of first or higher order S'(x), S"(x),...
of the measured variable S(x) as a function of the angle x and in which the variable measured at the angular
position "angular position" then is moved to the variable in the angular position "corrected angular position", the
moved variable and the variable in "corrected angular position" being processed by adding, maximizing or the like.

2. Method as claimed in claim 1, characterized in that only quotients q of the type S'(x)/S(x) are comprised in the
expression "angle correction".

3. Method as claimed in any of the preceding claims, characterized in that the derivatives are estimated numerically
from measured values of S(x).

4. Method as claimed in claim 3, characterized in that for the estimation of derivatives such as S'(x) finite differences
in angular direction AS/Ax are used.

5. Method as claimed in claim 4, characterized in that averaged or low-pass filtered finite differences are used.

6. Method as claimed in any of the preceding claims, characterized in that information from the variable S(x) are
only used for such values of x in which the variable S(x) exceeds a certain given threshold t.

7. Method as claimed in any one of claims 1 and 3-6, characterized in that a quotient q of the type S'(x)/(S(x)+t)
are comprised in the expression "angle correction".
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